Introduction
Usually plants are subjected to various adverse environmental impacts (stressors), leading to induction of oxidative stress. Plants are able to cope with it by enzymatic and/or nonenzymatic protective systems, if the strength of the stressor does not exceed the capacity of this protection. increasing the effectiveness of antioxidant protection may be achieved with application of exogenous substances (such as some plant growth regulators) of different chemical nature and physiological action. Applied at low doses, they can activate cellular metabolism and increase the physiological activity of plants to overcome the negative effects of a stressor.
Ultraviolet radiation (UV) is an abiotic stress factor. According to the international commission on illumination, the wavelengths between 400 nm and 200 nm are divided into three regions: UV-A (315 nm to 400 nm), UV-B (280 nm to 315 nm) and UV-c (200 nm to 280 nm). high UV doses lead to overproduction of different reactive oxygen species (RoS) and development of oxidative stress, which affects important plant processes (21, 33) and may decrease cell viability and even lead to cell death (29) . RoS interact with macromolecules causing damage in nucleic acids, proteins and lipids. investigations on ultraviolet radiation-triggered effects on plants have considered predominantly UV-B radiation but the damaging effect increases towards shorter wavelengths, UV-c being the most detrimental for organisms because of its highest energy (24) . Although, UV-c also causes photochemical reactions in molecules of high biological significance and other types of damage in a similar way to UV-B, it seems that these light wave bands have different action mechanisms in plants (14, 24) .
Polyamines are low-molecular-weight organic compounds and are positively charged under physiological ph conditions, which allows them to conjugate with other negatively charged organic molecules like phenolic acids, proteins, phospholipids or nucleic acids and to take part in essential growth and developmental plant processes. As a result of their polycationic nature, polyamines possess free radical scavenging properties, antioxidant activity and could affect plant tolerance to different biotic and abiotic stresses (9, 10) . the most widespread polyamines in plants are the diamine putrescine, the triamine spermidine and tetraamine spermine (Spm). it is believed that Spm possesses the highest protective role against unfavorable conditions because of its highest positive charge due to its four amine groups (5) . the aim of the present study was to evaluate the capabiltiy of Spm to act as a protector of pea plants irradiated with UV-c.
Materials and Methods

Model system
Young pea plants (Pisum sativum l., cv. Ran 1) were grown as water culture in a growth chamber (12 h/12 h photoperiod; 60 % to 70 % relative air humidity, 160 μmol·m -2 ·s -1 photon flux density; 24 ºC ± 2 ºC). Thirteen-day-old seedlings were leaf sprayed with 1 mmol·L -1 Spm, and 24 h later pea plants were irradiated with UV-C for 30 min (9 kJ·m -2 ).
Germicidal lamp (StYlo StY 115, Ge lighting, italy, λmax 254 nm) was used to supply the UV-C radiation, which emitted 0.50 mJ·cm -2 ·s -1 UV-C, 0.010 mJ·cm -2 ·s -1 UV-A and 0.04 mJ·cm -2 ·s -1 photosynthetically active radiation. the spectra and radiation power of the UV-c lamp were determined with AvaSpec-2048 spectrometer (Avantes, the netherlands). the distance between the UV-c lamp and the top leaves of the treated plants was 0.25 m ± 0.04 m.
Free proline, malondialdehyde (MDA), total phenols, free thiol-containing compounds, and leaf pigment amounts were determined in the 2 nd leaf node 0 h, 24 h, 48 h and 72 h after cessation of the UV-c stress program. the fresh weight (FW) of the aboveground pea parts was also measured.
Biochemical assays chlorophyll a, chlorophyll b and carotenoids were determined in acetone extract (80 %, v/v) by the method of Arnon (1). Fresh leaf material for the other biochemical parameters was immediately homogenized with 0.1 % (w/v) trichloracetic acid. Free proline was extracted, derivatized with acid ninhydrin, and the absorbance was read at 520 nm according to Bates et al. (3) . lipid peroxidation and fragmentation of polyunsaturated fatty acids of membrane phospholipids were estimated by the content of malondialdehyde (MDA) determined as thiobarbituric-acid product using an extinction coefficient of 155 L·mmol -1 ·cm -1 (18) . the total phenols content was determined with Folinciocalteau reagent supplemented with sodium carbonate and the absorbance was read at 725 nm according to the method of Swain and Goldstein (27) . Gallic acid was used as a referent standard. the content of free thiol-containing compounds was determined with ellman's reagent and the absorbance was read at 412 nm (6). 
results and discussion
exposure of pea plants to UV-c radiation led to a decline (by 14 %) of the aboveground FW ( Fig. 1) 24 h after cessation of the stress programme. the decrease was time-dependent and reached 17 % (48 h and 72 h after UV-c) as compared to the respective control. lessening of the FW of the aboveground pea parts found after UV-c exposure was observed in other studies (14, 16) and it was a consequence of leaf turgor losses provoked by irradiation. FW was slightly influenced by Spm when polyamine was applied alone. however, in combination with UV-c exposure Spm affected positively FW as compared to plants treated only with UV-c, suggesting that probably Spm acted as a protector against irradiation and facilitated the normal growth of plants. Spm and/or irradiated with 9 kJ·m -2 UV-c, measured 0 h, 24 h, 48 h and 72 h after cessation of the UV-c stress programme. Photosynthesis is vital for biomass accumulation in plants and depends on the content of leaf pigments. the decrease in the FW (Fig. 1) found only in UV-c treated pea plants corresponded well with the drop observed in the concentration of photosynthetic pigments (Fig. 2) . the decrease of leaf pigments was most pronounced at the second measurement (24 h after UV-c) and the effect of UV-c exposure diminished with time. chlorophyll a decreased by 25 %, 23 % and 11 % (24 h, 48 h and 72 h) after UV-c, respectively. irradiation led to a decline in chlorophyll b amount by 33 %, 18 % and 15 % (24 h, 48 h and 72 h after UV-c) as compared to the respective control. Carotenoids decreased significantly by 28 % only 24 h after UV-c exposure, then tended to increase and almost reached the respective control value at the last measurement point. together with the nucleic acids, aminoacids, proteins, and lipids, leaf pigments are also considered as a target site for UV light (12) , and our results are in accordance with the decrease of leaf pigments reported in other studies (19, 22) . Further, carotenoids (tocopherols and β-carotene) also take part in RoS quenching (2) and the time-dependent rise of these pigments in UV-c irradiated plants showed that probably pea cells switched on defence mechanism/s to cope with the negative stress consequences. leaf pigments were not altered significantly in Spm treated plants as compared to the respective control. however, the leaf pigment amount was near the control values during the whole experimental period in Spm and UV-c treated plants, allowing us to suppose that Spm probably lessened the leaf pigment losses induced by UV-c. these results supported the assumption proposed by other authors using various stressors (11, 25, 31) that Spm application protects the photosynthetic apparatus.
the alterations found in MDA content were best expressed at the beginning of the experiment and diminished with time (Fig. 3) . Application of Spm only, did not alter significantly the MDA level: it was near the control values at all measurement points. immediately after UV-c irradiation MDA accumulation was 35 % then it dropped to 32 % (24 h after UV-c) and at the last two measurements reached the respective control level in UV-C treated plants. The significant accumulation of MDA concentration found after UV-c exposure indicates the presence of oxidative stress damages in the membranes of pea plants. MDA enhancement (20 % in comparison with the control) was detected only at the first measurement point (0 h after UV-c) in the combined variant (Spm and UV-c), then (24 h, 48 h and 72 h after UV-c) the amounts reached the values in the non-treated plants. the fact that the MDA amount was lower in the plants subjected to combined treatment than that in the UV-c treated plants showed that Spm may assist plants to overcome the negative effect of UV-c light by Spm conjugation to membrane phospholipids and subsequent stabilization of cell constituents. in our previous studies (15, 17) a negative correlation between the MDA amount and the concentration of PAs-bound fraction (mainly Spm and spermidine) was noted, indicating that these endogenous PAs lessen membrane damages in young pea plants provoked by UV-c irradiation. now, a similar role for exogenous Spm could be proposed. Spm and/or irradiated with 9 kJ·m -2 UV-c, measured 0 h, 24 h, 48 h and 72 h after cessation of the UV-c stress programme.
We examined the amounts of free proline (20) , total phenols (4, 23) and free thiol-containing compounds (8) as a part of the non-enzymatic defence system. Proline alterations caused by the treatments were most pronounced at the first measurement point and decreased with time (Fig. 4) . Proline lessening (up to 18 % as compared to the control) was detected at 0 h in UV-c treated plants and reached the control values at the last measurement point. Spermine application resulted in a rise of the proline level up to 29 % at the first measurement point, while at the fourth measurement the increase was 13 % as compared to the respective control. Foliar Spm spraying prior to irradiation also led to significant augmentation (15 %) of the proline content immediately after UV-c treatment and at the next measurements it reached the respective control levels. the exact role of proline accumulation in plants is still under discussion but it is thought to play an adaptive and signalling role in plant stress tolerance (26) . in this line, proline lessening in UV-c treated plants probably manifested a disability of the plants to adapt to UV-c immediately after irradiation. in contrast to single UV-c treatment, the proline increase found in Spm and UV-c treated plants indicated its fast contribution in the non-enzymatic defence system against irradiation. this assumption is in agreement with our previous observation that proline has a key role in plant defence responses under prolonged (21 d) UV-c treatment with lower energy (17) . Possibly Spm application has a beneficial role for proline accumulation related to easier adaptation to UVc. likewise, preliminarily Spm application to wheat caused proline accumulation, which facilitated plants to survive after subsequent freezing stress (28) . Glutathione is the most abundant low-molecular thiolcontaining compound in living cells, which plays defence roles in ROS detoxification (7, 8) . Its accumulation is considered as a favourable response but its decrease, as a negative consequence of stress. Firstly (0 h after UV-c), the content of free thiols rose by 20 % in UV-c treated plants, then (24 h after UV-c) it reached the control value, and finally (48 h and 72 h after UV-c) the amounts were 88 % and 79 % of the control levels respectively (Fig. 5) . the drop of thiol compounds below the control may be an indicator for impaired redox state of the cells in UV-C treated plants. Spm application significantly augmented thiol-containing compounds either alone or in combination with UV-c. the initial increase of free thiol levels by Spm diminished with time and finally the corresponding control values were reached. Usually PAs application led to an increase in the antioxidant capacity of plants. For example, Verna and Mishra (32) reported that exogenous putrescine increased glutathione concentrations, which improved the salinity tolerance and adaptation of seedlings of indian mustard. the higher content of low-molecular thiols in Spm and UV-c treated plants as compared to their quantity in UV-c treated plants, led us to assume that preliminary spraying with Spm provoked an adaptation reaction and a better redox state of the cells.
The total phenol amounts were not significantly altered in UV-c treated plants, either applied alone or in combination with Spm (Fig. 6) . in Spm treated plants the level was decreased by 28 %, 25 %, 26 % and 18 % (0 h, 24 h, 48 h and 72 h after UVc) as compared to the respective controls. it is possible that the decline found in total phenols after exogenous application of Spm could be related to the ability of PAs to conjugate with phenolic acids (as a part of phenolic compounds) forming soluble conjugates (5, 10) . however, involvement of phenolic compounds as components of the non-enzymatic defence could not be excluded in UV-c treated plants, as we measured only their total quantity, and not specific alteration in the individual variety of phenolic compounds. conclusions comparative analyses of data suggest that exogenous application of polyamine Spm could protect pea plants against UV-c irradiation. this protection was demonstrated by maintaining normal plant growth, stabilizing cell membranes and activating non-enzymatic antioxidants. As was cited above, endogenous PAs are also involved in conferring plant protection against UV-c radiation. Manipulation of endogenous PAs levels through exogenous, or transgenic and genetic means might enhance plant capability to improve their stress tolerance, particularly to UV (13) . Different research groups are working on determining the exact role of PAs in a particular developmental process and/or the mechanism of their action in stress response by using mutants with altered levels of PAs biosynthetic enzymes. in the last few decades there has been growing interest in the development and use of different UV-hyper-resistant mutants with increased DnA repair ability, augmented content of UV-absorbing compounds, and amplified activity of ROS scavenging defence system/s (30) . therefore, further experiments, using different mutants with altered concentration of PAs or UV response are necessary for better understanding of the exact mechanism of PAs action in plant response to UV-stress.
